Because defects in the phenylalanine hydroxylase gene (PAH) cause phenylketonuria (PKU), PAH was studied for normal polymorphisms and linkage disequilibrium soon after the gene was cloned. Studies in the 1980s concentrated on European populations in which PKU was common and showed that haplotype-frequency variation exists between some regions of the world. In European populations, linkage disequilibrium generally was found not to exist between RFLPs at opposite ends of the gene but was found to exist among the RFLPs clustered at each end. We have now undertaken the first global survey of normal variation and disequilibrium across the PAH gene. Four well-mapped single-nucleotide polymorphisms (SNPs) spanning ∼75 kb, two near each end of the gene, were selected to allow linkage disequilibrium across most of the gene to be examined. These SNPs were studied as PCR-RFLP markers in samples of, on average, 50 individuals for each of 29 populations, including, for the first time, multiple populations from Africa and from the Americas. All four sites are polymorphic in all 29 populations. Although all but 5 of the 16 possible haplotypes reach frequencies 15% somewhere in the world, no haplotype was seen in all populations. Overall linkage disequilibrium is highly significant in all populations, but disequilibrium between the opposite ends is significant only in Native American populations and in one African population. This study demonstrates that the physical extent of linkage disequilibrium can differ substantially among populations from different regions of the world, because of both ancient genetic drift in the ancestor common to a large regional group of modern populations and recent genetic drift affecting individual populations.
Introduction
Linkage disequilibrium or, more generally, gameticphase allelic association, is the nonrandom occurrence of alleles on chromosomes (i.e., in gametes) in a population. Linkage disequilibrium has become an important tool in the end stages of positional cloning because a recently arisen single deleterious allele will usually be nonrandomly associated with the alleles at nearby polymorphic sites that were on the chromosome on which the mutation originally occurred. Among the earliest applications of this principle for identification of distinct mutations associated with a disease were studies at the b-hemoglobin cluster to identify thalassemia mutants (Kazazian et al. 1984) , as well as studies at the phenylalanine hydroxylase locus (PAH) to identify phenylketonuria (PKU [MIM 261600]) mutants (DiLella et al. 1986a .
PKU is one of the most common genetic diseases in people of northern-European descent, occurring in that group at an average rate of ∼1/10,000 live births (Bickel et al. 1981) . The PAH gene, coding for the enzyme phenylalanine hydroxylase (PAH), was implicated as the etiologic gene, by the absence of PAH enzyme activity in patients with PKU (Friedman et al. 1973) . The human PAH cDNA was cloned (Woo et al. 1983; Kwok et al. 1985) , RFLPs were identified by use of the cDNA as the probe (Woo et al. 1983; Lidsky et al. 1985a) , the gene was mapped to human chromosome 12q22-24 (Lidsky et al. 1985b) , and the molecular structure of the gene was described (DiLella et al. 1986a) , relatively early in the history of recombinant-DNA studies. When the RFLPs encompassing the gene were used, it was obvious that PKU mutations occurred on several different haplotypes. By 1986 it was recognized that PKU was mutationally heterogeneous; at least some different PKU haplotypes were found to have different mutations (DiLella et al. 1986b . Interestingly, in a sample from Denmark, no significant association could be demonstrated between the disease alleles and any single allele of the normal polymorphisms spanning the gene (Chakraborty et al. 1987) . However, when haplotypes of these polymorphisms were examined, two haplotypes were significantly more common among PKU chromosomes than among normal chromosomes. The reason for the absence of allelic association with individual RFLPs was also obvious: the marker-allele frequencies among PKU chromosomes were very similar to the frequencies in normal chromosomes. In the case of normal chromosomes, the two most common haplotypes were approximately equally frequent and had alternative alleles at most sites. The PKU chromosome(s) included those two haplotypes, but two others were the most common, accounting for 20% and 38% of the PKU chromosomes in the Danish sample; these two "PKU" haplotypes also had alternative alleles at all the sites at which the two common normal haplotypes differed and had the same allele at all the sites at which the other two were the same. This allelic complementarity of the most common haplotypes in both normal and PKU chromosomes greatly reduced the power to detect allelic association of PKU with any single RFLP, although the association was obvious when haplotypes were used. The two associated haplotypes were the basis for the first identifications of specific PKU mutations (DiLella et al. 1986b .
As the etiologically relevant mutations for PKU and the phenylalaninemia states became known, PAH haplotypes of patients with PKU often signaled which mutation(s) a patient carried and/or alerted the researchers to the existence of previously unknown mutations (Daiger et al. 1989a , 1989b : Hertzberg et al. 1989 Stuhrmann et al. 1989; Apold et al. 1990; Dianzani et al. 1990; Jaruzelska et al. 1991; Konecki and LichterKonecki 1991; Svensson et al. 1991; Zygulska et al. 1991; Baric et al. 1992; Kozak et al. 1995) . Thus, by 1989, polymorphisms, mutations, and haplotypes of the PAH region had finally become well characterized in patients with PKU (Woo 1988; Nowacki et al. 1997) . By 1996, the PKU mutations and their haplotypes were being used to infer the natural histories both of the mutations themselves and of the populations carrying those mutations (Scriver et al. 1996) . Only occasionally were non-PKU haplotypes studied in populations of non-European origin-and, even then, usually in families with PKU (Daiger et al. 1989b; Hertzberg et al. 1989; Hofman et al. 1991) . Various summaries of PAH mutations have been published (e.g., see Konecki and Lichter-Konecki 1991; Eisensmith et al. 1992) ; an upto-date compendium of PAH mutations and background haplotypes is maintained at the PAHdb Web site (Nowacki et al. 1997) .
Studies of normal chromosomes in European populations have shown that disequilibrium exists among the sites at either end of the gene, at distances of 22 and 31 kb, but, in general, either does not exist or is much weaker between markers located at opposite ends of the gene, at distances у43 kb (Chakraborty et al. 1987; Daiger et al. 1989a) . A similar pattern has been observed in a sample of 44 chromosomes from China and Japan (Daiger et al. 1989b ) and in a sample of 1600 chromosomes from several Polynesian groups (Hertzberg et al. 1989) . Other analyses of various published PAH data have reached similar conclusions (Feingold et al. 1993; Degioanni and Darlu 1994) . This pattern of the molecular extent of linkage disequilibrium agrees with the findings of Jorde et al. (1994) -that linkage disequilibrium in populations of European origin generally does not extend to 150-60 kb. Our recent studies of linkage disequilibrium in multiple populations have found that linkage disequilibrium can differ dramatically among populations from different regions of the world (Tishkoff et al. 1996a (Tishkoff et al. , 1996b (Tishkoff et al. , 1998 Kidd et al. 1998) . The only substantive reports of PAH haplotype frequencies in specific non-European populationsPolynesians (Hertzberg et al. 1989 ) and eastern Asians (Daiger et al. 1989b )-show reduced levels of heterozygosity relative to that in Europeans. The one small study of African Americans (Hofman et al. 1991 ) has found that haplotype frequencies for normal and PKU chromosomes differ from each other and from frequencies in Europeans and Asians.
All of the previous studies of linkage disequilibrium at the PAH locus have used pairwise coefficients. The resulting matrix of disequilibrium coefficients can show a clear pattern but also often contains some pairwise values that do not fit into the general pattern of high absolute values for pairs of markers within either cluster and low absolute values for pairs of markers that bridge the two clusters. As we have begun to consider linkage disequilibrium in more-complex genetic systems, we have introduced a new coefficient to measure overall nonrandomness across the entire haplotype Zhao et al. 1999) . The coefficient estimate is based on the permuted data of the observed samples. A variant of the permutation test for overall significance allows us to test significance of the disequilibrium across any segment within the haplotype (Zhao et al. 1997 (Zhao et al. , 1999 .
We have now examined normal, non-disease-causing polymorphisms in the region encompassing the 13 exons of PAH, considering a global sample of populations for the first time, to enhance our understanding of how the amount and pattern of linkage disequilibrium can differ in populations from different parts of the world.
We have chosen to study haplotypes at PAH specifically, for several reasons: (1) the region is well mapped, with the location and nature of several noncoding singlenucleotide polymorphisms (SNPs) clearly described; (2) some population data are already available in the literature that demonstrate allele-and haplotypefrequency variation between European and some nonEuropean populations; (3) the well-documented reduced levels of disequilibrium between markers at either end of the gene provide an opportunity to explore the utility of the permutation-test variant that examines segment disequilibrium; and (4) both the historical importance of and interest in haplotypes at this gene already have been established.
Subjects and Methods

Population Samples
We have studied 29 populations: four from Africa (Biaka, Mbuti, Yoruba, and Ethiopian Jews), nine from Europe and southwestern Asia (Adygei, Danes, Finns, Irish, Russians, Europeans of heterogeneous ancestry [from the United States], Samaritans, Yemenite Jews, and Druze), seven from eastern Asia (two independent Han Chinese samples [one from Taiwan and one mainly from southern China and sampled in San Francisco], Hakka, Japanese, Cambodians, Ami, and Atayal), one from Siberia (Yakut), one from Australo-Melanesia (Nasioi), four from North America (Cheyenne, Arizona Pima, Mexican Pima, and Maya), and three from South America (Ticuna, Rondonian Surui, and Karitiana). Descriptions of these specific population samples, most of which have been/will be in studies of other loci, can be found in the work of Castiglione et al. (1995) , Kidd et al. (1991 Kidd et al. ( , 1998 , Tishkoff et al. (1998), and Osier et al. (1999) . Additional information on these samples is available through the Internet (Kidd Lab Home Page) . Sample sizes range from 23 to 1100 and average ∼50 individuals per population. The samples are of unrelated (at least in the first degree) members of the populations, with the exception of the three South American Indian groups. These South American samples were collected from small, endogamous populations in which everyone in the village(s) is related to everyone else. This is most evident in the Karitiana, a group who are the sole speakers of Karitiana, a Tupi language. Every Karitiana is related to every other in the village, where they live as a single extended kindred-everyone recently born in this population is descended from a single man and one or more of his four wives (often through several pathways) who lived five generations ago.
All samples were collected with both approval from the appropriate institutional review boards and informed consent from the participants. The DNA in this study was purified, by means of standard phenol-chloroform extraction and ethanol precipitation (Sambrook et al. 1989) , from Epstein-Barr virus-transformed lymphoblastoid cell lines (Anderson and Gusella 1984) . The Coriell Institute for Medical Research (National Institute of General Medical Sciences Human Genetic Mutant Cell Line Repository) in Camden, NJ, has available for distribution at least 5-10 cell lines and DNA of many individuals from several of these population samples. These samples were collected for purposes unrelated to PKU, and no information is available on whether any relative has PKU. We assume that all chromosomes contain a normal PAH allele.
Polymorphic Sites and Typing Protocols
To maximize the information on disequilibrium between the ends of the gene, we chose the two pairs of markers that were closest to each end of the gene and already converted to PCR-based typing. The four SNPs that were selected span from just downstream of exon 1 to the middle of intron 8 of the PAH locus, a distance of ∼75 kb. Each SNP affects a specific restriction site (BglII, PvuII, MspI, and XmnI); these were originally identified as RFLPs, by use of a PAH cDNA clone as the probe (Woo et al. 1983; DiLella et al. 1986a ). These four polymorphisms are biallelic restriction-site polymorphisms (RSPs) whose primers, PCR conditions, and fragment sizes have been given by Dworniczak et al. (1991a Dworniczak et al. ( , 1991b , Wedemeyer et al. (1991) , and Goltsov et al. (1992) . The BglII polymorphism is located in intron 1, just 55 bp downstream of exon 1 (GenBank AF003965; Iyengar et al. 1998) ; we confirmed this reported location of the BglII site (R. C. Eisensmith, personal communication) by aligning our sequence of the BglII amplicon with the exon 1 and flanking sequence found at the PAHdb Web site. The PvuII polymorphism (commonly referred to as "PvuIIa") is in the 5 end of intron 2 ∼1.4 kb downstream of exon 2. The MspI polymorphism is ∼65 kb farther downstream; by aligning our sequence of the MspI amplicon (GenBank AF003967; Iyengar et al. 1998 ) with the exon 8 and flanking sequence found at the PAHdb Web site, we confirmed the reported position of the MspI site (R. C. Eisensmith, personal communication) to 268 bp upstream of exon 8, in intron 7. The XmnI site is reported to be 1.5 kb 3 of exon 8 (R. C. Eisensmith, personal communication), which we confirmed by obtaining a 2-kb PCR product, using the 5 primer of the MspI pair with the 3 primer of the XmnI pair on genomic DNA. This places these two sites ∼1.8 kb apart. Little intronic sequence is available, and no hard data have been published to give the distance between the PvuIIa polymorphism and exon 2. The distance estimates that we have used derive from Goltsov et al. (1993) , DiLella et al.
Figure 1
Map of four RSPs at the PAH locus. The numbered boxes correspond to the first 9 of the 13 exons. Relative spacing is the best estimate from multiple sources (see the text).
(1986a), and a personal communication from R. C. Eisensmith. Although they may be revised when the region is completely sequenced, they certainly reflect the relative sizes accurately enough for the purposes of this study ( fig. 1 ). For each marker, the PCR product was digested with the appropriate enzyme, according to the manufacturer's protocol, and the fragments were electrophoresed on agarose gels and were stained with ethidium bromide.
Data Management and Simple Statistics
All typing results were entered, as individual phenotypes, into PhenoDB2, our client-server database system for genetic marker data (Cheung et al. 1996) . The underlying software has recently been converted from 4th-Dimension-Sybase to Access-Oracle but otherwise remains conceptually as originally described. Using the phenotype-genotype correspondences entered for each system (codominant for the SNPs in this study), PhenoDB2 calculates allele frequencies and tests for Hardy-Weinberg (H-W) ratios. Output files of specified multisite phenotypes for each individual in each population are generated for input into other programs. FENGEN (A. J. Pakstis, unpublished data; source code available from the Kidd Lab Home Page) also calculates allele frequencies and tests for H-W ratios, provides organized summary tables, and prepares input files for haplotype analyses.
Haplotype-Frequency Estimation
Since most population samples consisted of unrelated individuals, family data could not be used to set phase in multiply heterozygous individuals. Instead, maximum-likelihood estimates of haplotype frequencies and the standard errors (jackknife method) were calculated from the multisite marker-typing data, by use of either the program HAPLO (Hawley and Kidd 1995), which implements the EM algorithm (Dempster et al. 1977) , or the derivative, HAPLO/P (Zhao et al. 1997 (Zhao et al. , 1999 . HAPLO accommodates individuals with either missing data at some sites or partial phase information, by giving them unique phenotypes corresponding to the set of underlying genotypes compatible with the information available, as explained by Hawley and Kidd (1995) . In some cases, first-degree relatives could be used to fully or partially determine the haplotypes on the basis of transmission patterns, and that information was incorporated into the frequency estimates. In most cases, known relationships were distant, and such individuals were included as though they were unrelated. This does not bias the estimates but does increase the sampling error somewhat. Expected heterozygosities for individual sites and for the haplotypes have been estimated as , where p i represents the allele or haplotype fre-2 1 Ϫ Sp i quencies for the system.
Disequilibrium
The standardized, pairwise linkage-disequilibrium value D (Lewontin 1964) was calculated for each pair of markers, and the null hypothesis of linkage equilibrium ( ) was tested with an asymptotically x 2 sta-D = 0 tistic (see eq. 3.10 in Weir 1996) , by means of the computer program LINKD (A. J. Pakstis, unpublished data; source code available from the Kidd Lab Home Page) and with the sample sizes and haplotype frequency estimates from HAPLO used as input. Overall disequilibrium, the deviation of observed (i.e., estimated from the data) haplotype frequencies from those expected under random association of alleles at all sites considered simultaneously, can be estimated in two ways. HAPLO calculates a likelihood-ratio statistic that can, under some circumstances, be interpreted as an asymptotic x 2 statistic measuring overall nonrandomness. Alternatively, a permutation test can be used to measure significance of overall nonrandomness across multiple sites with multiple alleles, without the assumption of a x 2 distribution or any specific distribution (Zhao et al. 1997 (Zhao et al. , 1999 Kidd et al. 1998) . We used the program HAPLO/P to generate 1,000 permuted samples for each of the 29 population samples and measured significance as the fraction of permuted samples with likelihood-ratio statistics greater than the observed value.
Quantification of Overall Disequilibrium
Since the significance of the disequilibrium does not quantify the amount of disequilibrium, we have developed a standardized coefficient, y, to allow comparisons among populations (Zhao et al. 1999 ):ŷ = . This coefficient standardizes the ob-
served likelihood-ratio statistic, using the permutation distribution, the sample size, and the complexity (or degrees of freedom [df] ) of the haplotype system, where t is the observed likelihood-ratio statistic, m and j are, respectively, the mean and SD of the permutation distribution, N is the number of individuals in the sample, and n is the df of the system in that population.
Segment Disequilibrium
In a multisite haplotype system, we can shift our traditional focus from disequilibrium between two sites to disequilibrium across a segment of the DNA. Specifically, in the case of PAH, we can consider the disequilibrium that exists across the long middle segment ( fig. 1 ). There are four pairwise disequilibrium coefficients that provide information relevant to this segment; but how to combine them is not obvious.
The null hypothesis to be tested for the segment linkage equilibrium is that there is no linkage disequilibrium across the segment but that there can be linkage disequilibrium for markers within the two groups on either side of the segment. For the marker systems considered here, the BglII and PvuII sites form one group, and the MspI and XmnI sites form the other group. Because the asymptotic distribution may not always provide a good approximation for assessment of statistical significance in complex data sets such as this, we use a permutation test to estimate statistical significance. For each permutation, the permuted sample is constructed by independently permuting the genotypes (phenotypes) at BglII and PvuII as one group and the genotypes (phenotypes) at MspI and XmnI as the other group. The likelihood ratio-test statistic is calculated for each permuted sample for the null hypothesis of no linkage disequilibrium between (BglII,PvuII) and (MspI,XmnI). For both the permuted samples and the denominator of the likelihood ratio, the phase ambiguity is preserved for double heterozygotes for either of the site pairs; thus, strictly considered, it is the paired phenotypes that are permuted. After generation of a large number of permuted samples and calculation of the likelihood ratio-test statistics, the significance level of the observed sample is estimated as the proportion of the permuted samples with likelihoodratio statistics larger than that for the observed sample. We have used the segment disequilibrium test to determine the significance of linkage disequilibrium across the central segment of PAH in each of the 29 population samples.
Frequency Variation among Populations
Variation in allele and haplotype frequencies was measured as F ST , estimated as for each biallelic site --2 j /(p q) p and as the weighted average of the standardized variance for each haplotype for the combined four-site system. To determine whether the haplotype-frequency profiles for any two population samples were different from one another (i.e., whether we were sampling from the same or different groups), the genetic heterogeneity test of Workman and Niswander (1970) was applied. This genetic heterogeneity test resembles a likelihood-ratio x 2 test and can handle the situation often found for our multisite haplotypes when we have many alleles and a number of them will have very small expected values even in large samples. The simple x 2 test cannot be applied appropriately in such situations. The Workman and Niswander (1970) test finds the sum of the weighted and squared frequencies of each allele, in turn, across the groups being compared, and subtracts the square of the weighted average of the ith allele. The weighting is a function of the sample sizes, and the accumulated sum is multiplied by twice the number of subjects in the sample, so that the resulting statistic follows the x 2 distribution. In the population comparisons performed, the df equal one less than the number of nonzero alleles.
Results
Marker typings for the four SNPs have been collected on a total of 1,485 individuals in the 29 distinct populations. Typing was 198% complete across all markers and populations, with the missing data scattered in an apparently random pattern. All individuals had multisite phenotypes, with typing data at three or four of the sites. In all, we observed 94 distinct four-site phenotypes (counting the 32 that involved missing data) across all 29 populations (data not shown).
Individual Site Results
Allele frequencies and sample sizes for all four SNPs in all 29 populations are given in ALFRED (Kidd Lab Home Page), an Internet-accessible allele frequency database (Cheung et al. 2000a (Cheung et al. , 2000b . Allele frequencies at each polymorphic site were estimated by simple gene counting, and binomial standard errors can be calculated from the information given in the database. All four sites are polymorphic in all 29 populations. In table 1, heterozygosities are given, for each RSP, as the mean and the range seen in each geographic region. Only 3 of the 120 H-W tests (4 sites in each of 30 populations) were significant at , one each at (Druze at
(Ethiopian Jews at PvuII), and P ! .005 P ! (Finns at XmnI). Different populations and differ-.001 ent sites were involved in all three; for each of those three populations, the other three sites did not show significant deviation from H-W ratios. Consequently, we do not consider any of these as being indicative of meaningful deviation from H-W ratios and random mating.
For each site, there is highly significant allele-frequency variation among the populations, but no attempt has been made to test for significance of pairwise differences in frequencies. F ST values, by geographic region, are also given in table 2. In all but one case, the regional values are smaller than the global value.
Haplotype Frequencies and Patterns of Variation
The maximum-likelihood estimates of the frequencies of the 16 possible haplotypes for each population are given in table 3. From these frequencies and the total number of chromosomes (2N) (in table 3, for each population), the binomial standard errors can be estimated. For 24% of the non-zero frequency estimates, the jackknife standard-error estimates calculated by HAPLO were almost the same as the binomial standard-error estimate, mostly for the larger frequency estimates. For 72% of the frequency estimates, the jackknife estimates were larger than the binomial estimates by up to twice the amount. For only ∼4% of the frequency estimates were the jackknife estimates more than twice the binomial estimates, usually for frequency estimates !2%. Those jackknife estimates of the standard errors are given in ALFRED (Kidd Lab Home Page) .
Five of the 16 haplotypes never occur at a frequency 1.04 and are present in only a minority of the populations. Conversely, no haplotype was definitely present in all population samples. Thus, every haplotype has a frequency range across these 29 populations, with a minimum of 0 and a maximum that ranges from .02 (for 1122 and 2211 [where "1" denotes site absence, and "2" denotes site presence]) to .78 (for 2121), depending on the haplotype.
Ancestral and Derived Alleles
On the basis of the sequence of other hominoid species, Iyengar et al. (1998) determined the ancestral states of the BglII (site present), PvuII (site absent), and MspI (site present) polymorphisms. As part of the present study, the same primers and PCR protocol that were used to type humans were used to amplify the region homologous to the XmnI polymorphism in two chimpanzees and two gorillas. The PCR products do not cut with XmnI, implying that site absence is the ancestral human state. Iyengar et al. (1998) noted that, for the BglII, PvuII, and MspI sites, whether the ancestral or derived allele was the more common depended on which human population was studied. The same holds for the XmnI site, with the frequency of the ancestral allele (site absent, or "1") ranging from .061 in the Hakka to .944 in the Finns.
The haplotype with all four ancestral hominid alleles, 2121, was undoubtedly the original one from which the other 15 haplotypes evolved through a combination of mutations and crossovers. The ancestral haplotype has its highest frequencies in Native American populations; in six of the seven Native American populations (all but the Karitiana), it is more frequent (range .41-.78) than in any other population studied. Its next most frequent occurrence is at .26 in the Biaka. In contrast, the quadruply derived haplotype, 1212, is most frequent (range .46-.73) in the eastern-Asian populations.
Haplotype-Frequency Differences
The Workman and Niswander (1970) . In combination, these two pairwise compari-P ! .001 sons are sufficient to explain the significance of the overall nonrandomness indicated by the likelihood-ratio and permutation tests (see below).
The four pairwise comparisons between sites at either end of the large central region give a consistent pattern of significance for only a subset of the populations: the four North American Indian populations and the Rondonian Surui from Brazil. For these five populations, the D values are uniformly large (i.e.,
) and are FD F 1 .50 significant at , for all four comparisons. Only P ! .001 one other population, the Yoruba, has a value that reaches this level of significance-and then for only one of the four comparisons. In most of the remaining comparisons, the value is not significantly different from zero.
Overall Linkage Disequilibrium
The asymptotic likelihood-ratio x 2 for overall linkage disequilibrium is given in table 3. This x 2 has 11 df, and the significance levels are !.0001 for all populations except Ethiopian Jews, in whom significance reaches only
. By the permutation test with 1,000 permuta-P ! .001 tions, all samples but one were significant at , P ! .001 because none of the permutated samples gave a likelihood-ratio statistic larger than the observed value; the exception was the Yoruba, in whom two permuted samples exceeded the likelihood ratio of the observed value, thereby giving a significance level of , with an P = .002 upper confidence level of .005. Thus, we can confidently state that significant nonrandomness of alleles on chromosomes exists in all populations studied. This is not surprising, since we observed that most populations showed significant disequilibrium within each of the two pairs of sites at either end of the region. Figure 2 graphs the estimate of the y coefficient for the four-site-haplotype system, in 29 populations. This standardized measure shows considerable variation among populations, even within a geographic region. The arrangement of the populations within geographic regions is arbitrary. However, the clear impression is that there are lower values within Africa and larger values outside Africa, with an increase, on average, as the distance from Africa increases. The unweighted regional average of the y coefficients does increase from .92 in Africa to 1.86 in Europe, 1.88 in eastern Asia, 2.64 in North America, and 1.84 in South America. Although this is not a simple linear trend, all averages outside Africa are at least twice as large as the African average, and the Native American populations, especially those in North America, show more nonrandomness than is seen elsewhere. . A probability of .050 is assigned when ; a probability of .010 is assigned P 1 .050
.050 р P 1 .010 when ; a probability of .005 is assigned when ; and a probability of .001 is assigned when . .010 р P 1 .005
.005 р P 1 .001 P р .001
Segment Linkage Disequilibrium
The results of the segment disequilibrium test are given in table 5, for all 29 populations. The test compares the likelihood ratio for the observed data with the distribution of likelihood-ratio statistics from 1,000 permutations, summarized as the mean and variance. The probability is the fraction of the 1,000 permutations that had a likelihood-ratio statistic greater than the observed value. Not surprisingly, the test supports the consistent pairwise results for highly significant nonrandomness across the central segment in all of the North American Indian populations and in the Rondonian Surui of Brazil. Only two other populations give significant results: the Mbuti, at ; and the Taiwanese Chinese, at P = .003 P = ; in the context of 29 tests, the value for the Tai-.039 wanese Chinese is probably not meaningful.
Discussion
Site and Haplotype-Frequency Variation
No previous studies of these polymorphisms have included American Indian or African populations or large numbers of eastern Asians. These SNPs were originally discovered in populations of European ancestry, as tools for genetic counseling of families with PKU; heterozygosities close to 50% were optimal for that purpose, and all four of these SNPs have heterozygosities in the range of 30%-50%, in most European populations. Although each site is a simple biallelic system, all four sites are also highly polymorphic globally. In our study, none of the alleles at any of the sites has gone to fixation in any population, and the minimum allele frequency in any population at any of the sites is .056 at the XmnI site (allele "2") in Finns. The expected heterozygosity is likewise high for the four-site haplotypes, ranging from .85 in the Biaka to .37 in the Mexican Pima. Interestingly, each of the heterozygosities for the four markers individually and for the haplotype was higher, on average, in the seven Native American groups than it was in the seven Asian groups. Regional heterozygosities at a large number of other loci in some of these same population samples show lower average heterozygosities in American Indian populations than in eastern Asian popula-
Figure 2
Overall linkage disequilibrium as the y coefficient for the four-site PAH haplotype in 29 populations. Coefficients are given for each population ordered, left to right, in the same order as the top-to-bottom sequence in tables 3 and 4. Geographic groupings are indicated across the top and bottom, as in figure 4; M. = Melanesia (Nasioi), and S. = Siberia (Yakut). All values are statistically significant at , except for the Yoruba, in whom the values are statistically P ! .001 significant at . P = .002 tions and similar levels of heterozygosity in the eastern Asian and in the European populations (e.g., see Kidd et al. 1991 Kidd et al. , 1993 Calafell et al. 1998 ; for data on other loci, see ALFRED [Kidd Lab Home Page] ). The pattern here-of the lowest heterozygosities occurring in eastern Asia-is clearly unusual. The haplotype frequencies for the population can be estimated directly by gene counting in a sample of unrelated individuals, by use of either phase-known genotypes obtained from family data (as in DiLella et al. 1986b) or molecular haplotyping methods (Ruano and Kidd 1991; Michalatos-Beloin et al. 1996) . Alternatively, haplotype frequencies for the populations can be estimated from the multisite phenotype data in a sample of unrelated individuals by use of maximum likelihood as implemented in any of several computer programs (e.g., see Excoffier and Slatkin 1995; Hawley and Kidd 1995; Long et al. 1995) . We have estimated haplotype frequencies by using the maximum-likelihood method described by Hawley and Kidd (1995) . The jackknife estimate of the standard error specifically accounts for the increased uncertainty in the haplotype-frequency estimates versus estimates based entirely on gene counting in a sample of the same size for which the binomial standard-error estimates would be appropriate. The fact that, in general, the jackknife estimates are not exceptionally larger than the binomial standard-error estimates is a reflection of the high percentage of unambiguous chromosomes in these samples. In more than half the populations, more than half the chromosomes in the sample were unambiguously specifiable on the basis of the multisite phenotype: either all sites were homozygous or only one site was heterozygous (table 6 ). This level of specification greatly constrains the estimates that the EM algorithm can produce. Additional constraint comes from the large number of individuals heterozygous at only two sites for whom only two possible genotypes (of the total of 136 possible a priori) are possible. As a fraction of all chromosomes sampled, these two categories of multisite phenotypes accounted for a minimum of 51% (the Ethiopian sample) to 190% (the Atayal and Cambodian samples) (table 6). All 16 of the possible haplotypes were observed to be present in at least one of the populations (table 3) . Five haplotypes are globally quite rare. Each is an "observed" haplotype-that is, at least one individual heterozygous at only one of the four sites implies the presence of the haplotype-in at least one population. In some populations, each of these haplotypes may have been inferred to be present only by the maximum-likelihood method of estimation of haplotype frequencies.
Our analyses of genetic similarity in subsets of these 29 populations, using different data sets (Kidd and Kidd a Based on the assumption of codominant, biallelic genetic systems; only the two least ambiguous phenotype classes are shown.
b Gene counting. Individuals are either homozygous at all four polymorphic sites or heterozygous at only one site; both haplotypes carried by each individual are thus fully specified.
c Ambiguity. Individuals are heterozygous at two of the four sites, resulting in cis-trans ambiguity.
Figure 3
PCA (as described in Chang et al. 1996) of 29 populations, on the basis of PAH haplotype-frequency data. African populations are represented by circles, European and southwest-Asian populations by squares, eastern-Asian populations by triangles, Native American populations by crosses, the Melanesian population by a plus sign, and the Siberian population by a diamond. These first two principal components account for 68.0% of the variance. 1996; Calafell et al. 1998) , as well as interim analyses of multilocus data on all 29 populations (Kidd Lab Home Page) , are consistent in showing four groups of populations corresponding to the geographic locations of the populations-Africa, Europe and southwestern Asia, eastern Asia, and the Americas-with genetic distances within each group that, in general, are smaller than those between groups. The Nasioi from Melanesia and the Yakut from Siberia are distinct and do not cluster either with each other or with any of the four groups. Simple inspection of site and haplotype-allele frequencies at PAH (table 3) suggests that this locus gives a concordant pattern that is supported by F ST values being smaller for populations within each geographically defined region than they are globally, for both the haplotype data and the individual site data (with one exception) (table 2). It is also supported by a principalcomponents analysis (PCA) of the haplotype frequencies at PAH (fig. 3) . All of these analyses support the validity of the regional summaries of heterozygosity (table 1) and of haplotype-frequency data ( fig. 4) .
For haplotype frequencies, the pattern of results for the pairwise comparison of the samples, with the Workman and Niswander (1970) genetic-heterogeneity test (results not shown), is illuminating and both supports the validity of the summaries in tables 1 and 2 and in figure 4 and demonstrates that most samples represent distinct populations, since the vast majority of the 406 pairwise comparisons differ significantly, at . P ! .001
Nonrandomness of Alleles on Chromosomes
The presence of disequilibrium in a complex haplotype is determined by comparison of the maximum-likelihood estimates of the haplotype frequencies with the haplotype frequencies predicted by multiplication of the allele frequencies at the individual sites. Determining the overall significance levels of any linkage disequilibrium is straightforward by likelihood-ratio or "direct" x 2 statistics if the haplotypes are simple, two-site systems; however, when there are many sites involved, experience demonstrates that the likelihood ratio-test statistic does not always closely approximate a x 2 distribution, because (1) the expected number of some phenotypes may be small for some populations and (2) not all markers are typed on all individuals-that is, data are incomplete Zhao et al. 1999) ; and both of these conditions pertain in the present data set. Therefore, instead of relying on the asymptotic theory, we have also utilized the permutation test (Zhao et al. 1999) , to ob-
Figure 4
Average frequencies of the eight most frequent haplotypes, by geographic region. The averages are given as horizontally stacked bars, on the basis of data in table 3, with the number of populations, averaged for each region, given in the right margin. Melanesia and Siberia have only one population each-Nasioi and Yakut, respectively. The haplotypes are coded as in table 3: "1" indicates that the site is absent, and "2" indicates that the site is present, for the sites ordered as in figure 1 . The frequency of the ancestral haplotype is given, starting at the left margin, and the frequency of the quadruply derived haplotype appears immediately to its right.
tain the statistical significance of observed likelihoodratio statistics (Good 1995) . The statistical-significance levels of overall linkage disequilibrium were determined for each of the 29 populations, from both asymptotic x 2 (by HAPLO) distributions and from 1,000 permutations. Exact significance levels cannot be compared between the two approaches. Likelihood-ratio x 2 values were significant at for all populations but the P ! .0001 Ethiopian Jews ( ). In contrast, the permutation P ! .001 results could give significance values of only P ! .001 when none of the 1,000 permutations exceeded the observed value. By this test, only one population had a significance value, for overall disequilibrium, that was 1.001: the Yoruba, at . The Yoruba also have P = .002 the smallest y value of any population studied ( fig. 2) . Interestingly, the likelihood-ratio x 2 for overall disequilibrium was smaller for the Ethiopian Jews and the Cambodians than for the Yoruba, highlighting the nonidentity of the two measures of significance. Although the permutation test gives only an upper bound (determined by the number of permutations), it is not dependent on the assumption of an asymptotic distribution and is therefore preferable.
When overall linkage disequilibrium is significant, a subsequent question that we address is how different sites or segments of DNA contribute to that overall linkage disequilibrium. Because the number of all pairwise linkage-disequilibrium calculations is large, and because there is no meaningful integration of the statistics for multiple, nonindependent pairs, some researchers have estimated and tested higher-order disequilibrium coefficients (Piazza 1975; Long et al. 1995) , but these higherorder coefficients are difficult to relate to aspects of the underlying biology, such as the distribution of disequilibrium across specific segments within a haplotype. We have, therefore, applied the Zhao et al. (1999; also, H. Zhao, A. J. Pakstis, J. R. Kidd, and K. K. Kidd, unpublished data) method of segment analysis.
Significance level is not a direct measure of amount of disequilibrium, but, in this study, it tracks the D values reasonably well, since all sites are reasonably heterozygous in all populations and since sample sizes are all in the range of 25 to slightly 1100 individuals. Thus, when all pairwise comparisons are significant for a population, there is no problem in interpretation of the results. However, in some cases, especially for the comparisons involving one site at each end of the locus, the different pairwise comparisons do not give such consistent results. Specifically, in the Yoruba one of the four comparisons was significant at , one was sig-P ! .001 nificant at , and the other two were not signif-P ! .005 icant; in the Mbuti, one comparison was significant at , one was significant at , and two were P ! .005 P ! .05 not significant; in the Ethiopian Jews and Nasioi, two comparisons were significant at , and two were P ! .05 not significant; in the Yemenites, Japanese, and Karitiana, one comparison was significant at , one was P ! .01 significant at , and two were not significant; in P ! .05 the Samaritans, Russians, Irish, and Ami, one comparison was significant at and three were not sig-P ! .05 nificant; in the Europeans and Yakut, all four comparisons were significant at or less; and, in the P ! .05 Taiwanese Chinese, one comparison was significant at , and three were not significant. Especially in P ! .01 these cases that have inconsistent significance levels, the nonindependence of the four tests and the multiple tests being done complicate interpretation. In these populations with inconsistent results of pairwise tests of disequilibrium across the middle segment, the segment test (table 5) gives a possibly significant result in only three cases: the results in the Mbuti (at ), the Yemen-P = .003 ites (at ), and the Taiwanese Chinese (at P = .057 P = ) can be considered to be possibly significant. In the .039 context of multiple populations being tested, the disequilibrium in the Mbuti may be the only one that is possibly significant. In the two cases in which all four pairwise comparisons gave at least borderline ( ) P ! .05 significance, the segment permutation test was clearly not significant, at and for Europeans and P = .24 P = .57 Yakut, respectively. In the other populations, either all four pairwise comparisons were nonsignificant or all four pairwise comparisons were significant at the P ! level. The segment test gave concordant results in .001 these cases. We judge the segment test to be more accurate and clearer than the compilation of possibly discordant pairwise tests, because it is a single measure utilizing the information at all four sites and does not assume an asymptotic distribution. Furthermore, the segment test relates to the underlying biology in a more straightforward manner than do the higher-order coefficients. Part of the lack of concordance among the pairwise tests may be attributed to the assumption of asymptotic distribution.
Comparison of these results with earlier results shows that the distance between markers and the type of marker are probably both important and that the historical time frame for which disequilibrium at a haplotype will be informative is related to both. At least for SNPs, we see that linkage disequilibrium is highly significant at a distance of ∼1.8 kb, in essentially all populations in all regions of the world. This global consistency presumably reflects a pattern, established early in human evolution, that, because of the low frequency of recombination within this short molecular distance, has not decayed. At CD4, the primary factor was the short tandem-repeat polymorphism (STRP), which showed little to no disequilibrium in Africa, with the biallelic marker 10 kb away, but showed essentially complete disequilibrium in non-African populations (Tishkoff et al. 1996a) . At PAH, the comparably spaced markers (BglII and PvuII, at ∼7 kb) show linkage disequilibrium in some of the sub-Saharan populations, presumably because mutation rates are so much lower than those for an STRP. However, the disequilibrium, as determined by both y and D , is much stronger in the non-African populations. At DRD2 and DM (Tishkoff et al. 1998) , disequilibrium was essentially complete between the outermost SNPs, ∼25 kb apart in both cases, in virtually all non-African populations but was much less in sub-Saharan populations. At PAH, there is, as yet, no pair of sites at that distance. At the larger distance of ∼65 kb across the central segment of PAH, we see significant linkage disequilibrium in the American Indian populations and, possibly, in one African population, the Mbuti. Presumably, this longer distance, with a relatively higher recombination rate, is probing morerecent founder events. One of those is associated with the American Indian lineage prior to both the spread throughout the Americas and the diversification of those populations. The other is more difficult to identify, if we accept this as a significant result, as discussed earlier. It could be a recent founder effect specific to the Mbuti, or it could be more ancient and have involved the founder population ancestral to several modern Pygmy groups. The absence of significant linkage disequilibrium in the other Pygmy group, the Biaka, could be attributed to recent admixture with non-Pygmy groups, as has been hypothesized by Cavalli-Sforza (1986, p. 406) .
Evolutionary Implications
With mutation rates for single nucleotides estimated at ∼10 Ϫ8 (Crow 1995; Li et al. 1996) , any SNP must represent effectively a single mutational event that has reached polymorphic frequencies through random genetic drift (or selection or hitchhiking). In other hominoids, the nucleotides at the position of the human SNP determine the ancestral allele of the SNP if they correspond to one of the human alleles (Iyengar et al. 1998 ). All of the alleles of the derived type are identical by descent (IBD) from either the original mutant or a later copy. All of the alleles of the ancestral type are IBD from some copy of the ancestral allele that may have existed either earlier than the mutation event or more recently, depending on the present frequency and the population history. Coalescent theory can predict the probability distributions of when those most recent common ancestors existed for alleles of both types, if enough is known about the history of the population(s). By extension, the ancestral haplotype will be the one composed entirely of ancestral alleles at the individual SNPs; however, the pool of ancestral haplotypes will not necessarily all be IBD, since recombination can regenerate the ancestral pattern from haplotypes with derived al-leles at different sites. The probability of that is locus specific and population specific, depending on both recombination rates between sites and the frequencies of the appropriate heterozygotes.
Because the haplotype frequencies vary so much, even among populations in the same large geographic regions, it is difficult to make meaningful statistical statements about how the haplotypes evolved from the ancestral to the quadruply derived state. Moreover, from inspection of haplotype frequencies (table 3 and fig. 4) , one sees that all populations have primarily ancestral and doubly derived configurations, for both of the closely spaced pairs of sites. Thus, for both of the two close pairs of sites at either end of the haplotype, both "intermediate" configurations-that is, 11 and 22-are rare to absent, around the world. We must conclude that the frequencies of those intermediate haplotypes in humans cannot provide information on the evolutionary history of the haplotypes. Indeed, the low frequencies and patchy occurrences of these "intermediate" configurations could as well reflect the chance survival of the uncommon crossovers in these small regions, since all populations are reasonably heterozygous for the ancestral 21 and derived 12 configurations: these transitional stages of evolution from the ancestral to derived haplotypes undoubtedly existed but may not have survived. Thus, the present "intermediates" may not be IBD with the original transitional haplotypes.
A problem in comparing our data to previously published haplotype frequencies at PAH is that many studies have based their frequencies only on the haplotypes that could be unambiguously assigned; haplotypes in multiply heterozygous individuals were not counted unless phase was resolved by the use of relatives. This introduces a definite bias that can be strong if two common haplotypes differ at multiple sites. As can be seen from the frequencies in table 3 and figure 4, this is commonly the case in most regions of the world. Figure 4 shows that both the ancestral pattern (2121) and the quadruply derived pattern (1212) are either the most common haplotypes or among the most common haplotypes everywhere but eastern Asia and Melanesia. The EM algorithm, in contrast, provides unbiased maximumlikelihood estimates, utilizing all available information.
Out of Africa
Our previous haplotype studies of CD4, DM, and DRD2 (Tishkoff et al. 1996a (Tishkoff et al. , 1998 Kidd et al. 1998) have provided strong evidence for the out-of-Africa model of human expansion, with a very marked founder effect associated with the expansion out of Africa. Those loci show less linkage disequilibrium in sub-Saharan populations than in the non-African populations, leading to the conclusion that the founder effect established a pattern of linkage disequilibrium that is preserved in virtually all non-African populations studied. The data for PAH haplotypes presented here are in general agreement with this model but support it less strongly while suggesting refinements of the model. The haplotype heterozygosity is higher, on average, in Africa than elsewhere (table 1), but only barely so, and the difference from the average heterozygosity in Europe (the next highest value) is not significant. However, the PAH analyses do not yet incorporate an STRP into the haplotype system, in contrast to the studies of CD4, DM, and DRD2. In these latter studies, the STRPs were a major factor in the large differences seen between sub-Saharan and non-African populations. Moreover, figure 4 gives a clear impression that there are more haplotypes at moderate frequencies in Africa than there are in any nonAfrican region.
The overall linkage-disequilibrium coefficient, y, is lower for African populations, on average, but some individual non-African populations have a value lower than that of at least one of the sub-Saharan populations. We also note that, in the samples of the larger African populations, there is a tendency for the strength of disequilibrium to be inversely related to the distance between sites. For the MspI-XmnI pair, separated by !2 kb, linkage disequilibrium is high for all the African samples. For the BglI-PvuII pair, separated by ∼7 kb, the linkage disequilibrium is low ( for the sub-FD F ! .5 Saharan populations and for Ethiopians) and FD F = .63 is either not significant or of only borderline significance. This contrasts sharply with the large and highly significant D for this pair of sites in most of the European populations (table 4) .
Homogeneity in Eastern Asia
In a previous study of eastern-Asian populations, Daiger et al. (1989b) found one haplotype at ∼80% frequency. In contrast, the frequency of the comparable haplotype in our study is 46%-73% among easternAsian populations, with an unweighted average of 62% ( fig. 4) . Since the four-site haplotype in our study would comprise a superset of chromosomes, including the eight-site haplotype identified by Daiger et al. (1989b) , as well as other haplotypes that may be present, it seems safe to conclude that the Daiger et al. (1989b) estimate was at the upper end of the range in eastern Asia. That range is still very homogeneous and part of a distribution of haplotypes that is much different than that seen in any other part of the world.
American Indians Compared with Eastern Asians
The North American Indians have a pattern of haplotype frequencies that is markedly different from that of eastern Asians; South American Indians have a pattern similar to that of the North American Indians. The distinction from the eastern-Asian pattern is supported by both the PCA of haplotype frequencies ( fig. 3 ) and the segment disequilibrium test (table 5) . In our previous studies of most of these same population samples, for CD4, DRD2, and DM haplotypes, we did not see such a marked difference (Tishkoff et al. 1996a (Tishkoff et al. , 1998 Kidd et al. 1998) . In those cases, the American Indian populations were similar to each other, as were the easternAsian populations, but the two patterns did not differ dramatically. The populations were distinguished in the second principal component-rather than in the first, which is the case in PAH (fig. 3) . The American Indian pattern involved the same few haplotypes seen in eastern Asia, but with evidence of more drift causing one of those haplotypes to become more frequent and another to become less frequent than they are in eastern Asia. At PAH we see a very different pattern: a haplotype nearly absent in eastern Asia (i.e., the ancestral, 2121 haplotype) is the most common haplotype in the Americas. PAH is not unique in that pattern: at DRD4, the seven-repeat allele at the exon 3 VNTR is essentially absent in eastern-Asian populations but is the most common allele in the American Indian populations . DRD4 is located on chromosome 11, at 11p15.5, a location that is not correlated-in any way that we know-with the location of PAH on chromosome 12, at 12q22-q24.2. In the ancestry common to American Indian populations, there is clearly an element that makes it quite distinct from the ancestry common to modern eastern-Asian populations. To the degree that tree diagrams can represent history, the trees for genetic distances calculated from multiple loci, including PAH treated either as a single site or as the four-site haplotype, show that the American Indian lineage diverged from the eastern-Asian lineage considerably before diversification of the modern eastern-Asian populations Kidd Lab Home Page) .
The observation that the ancestral haplotype is most frequent in the Americas does not imply that it originated there. Drift can change haplotype frequencies in any direction, and frequency need not provide any evidence of origin. Indeed, if American Indians and eastern Asians share a remote common ancestry, as is generally accepted, and if that common ancestor was more similar to Africans and Europeans, then drift evidently has "pushed" the frequencies of ancestral and quadruply derived haplotypes in opposite directions (figs. 3 and 4), in the American Indian lineages and the eastern-Asian lineages.
Random genetic drift has affected each locus independently (if separated by just a few cM); and, for American Indian ancestry, the implications are unclear, because the data are mixed-with CD4, DM, and DRD2 showing one pattern and with PAH and DRD4 showing another. A distribution of similarities is expected as a function of both how long ago the lineages divided and the effective population sizes of the resulting lineages. Since only a few loci have been studied to date, and since the patterns of similarity differ substantially between the two regions, it is obvious that a single locus is not a good estimator of evolutionary histories of populations in these two geographic regions and that the few loci that so far have been studied do not allow a good estimate of the distribution of similarities expected for independently evolving (drifting) loci.
Future Studies
The use of haplotypes to study population and locus histories is still new. We are beginning to titrate disequilibrium with founder effects in populations and with distance between polymorphisms within haplotypes. As data are accumulated at more loci and in more populations, we shall be able to gain a much more comprehensive understanding of genome evolution and population diversification. Our next step for PAH will be to gather data to subdivide the distance between the PvuII and MspI sites and to extend the haplotype span. Subdividing the distance may provide insights into the evolution of the PAH locus and, in combination with increasing the span of the haplotype, provide more data on the idiosyncratic histories of the populations being studied. Global surveys of haplotypes of comparable molecular extent at other loci are also needed.
Ultimately, an understanding of the evolutionary histories of haplotypes on normal PAH chromosomes may be important in determining whether the distributions of haplotypes with different PKU mutations might have involved selection, as has been suggested by Kidd (1987) , or can, as now seems more probable to us, be explained by the stochastic aspects of mutation and random genetic drift.
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